The warm, salty water influenced by the Mediterranean outflow can be observed at middepth throughout the Central North Atlantic Ocean. Katz (1970) first noted that rather than a gradual salinity decrease away from the source, large changes were observable over major topographic features such as the mid-Atlantic Ridge, despite the fact that the topography presented no direct physical barrier to the core layer. Two mechanisms are considered which can account for this sub-surface frontal transition: variable eddy diffusivity and horizontal shear induced by submarine topography. The structure of the actual geostrophic currents and water masses southwest of the Azores is explored with CTD, XBT, and float data collected in June 1977 aboard the R.V. Knorr. A CTD section normal to and crossi ng the ridge axis near 35N, 35W shows the tbermocline to be domed up 200 m over the ridge axis compared wi th stations 200 km to either side. At 1000 meters depth a change in salinity of nearly 0.15%, in the Mediterranean Water is observed to occur over a horizontal distance of 100-150 km, and is located west of the ridge near 38N and over the ridge axis near 34N. Near this transition two neutrally buoyant floats were tracked for a period of a day. CTD stations around and over a fl.oat at 810 meters depth showed the temperature and salinity intrusions to persist with time and horizontal space scales in excess of 15 hours and 4 km. If the currents observed SW of the Azores are representative of the general circulation of the region, they not only explain the water mass structure in the thermocline and Mediterranean Water but also point out that the historical data base of zonal hydrographic sections does not adequately resolve the baroclinic structure.
Introduction
The influence of the warm, salty water flowing out of the Mediterrean can be seen throughout the North Atlantic Ocean at depths of 800 to 1500 meters. It was Katz (1970) who first noted that the decrease in salinity westward from Gibraltar was not uniform but discontinuous with rapid changes over topographic features such as the Mid-Atlantic Ridge (MAR) and the Azores-Gibraltar lineament. Katz Katz (1970) , the salinity interpolated onto u, = 27.64 from bydrographic sections taken along 40" (upper panel) and 36N.
of the Mediterranean Water core is reproduced in Figure 1 where two east-west sections of IGY data are plotted. On both sections a salinity change of 0.1-0.2%, occurs in the vicinity of the MAR. He found no evidence that this was happening on the 32N IGY section. It is instructive to plot the core salinity in plan view together with the bottom topography in order to see the extent to which the two may be related. The salinity anomaly data from Needler and Heath (1975) on a potential density surfa ce of 27.7 have been overlaid onto the large-scale bathymetry (after Uchupi, 1971 ) in Figure 2 . Between 34N and 43N the salinity isolines parallel the bottom topography. The overall picture shows a southward slump of th e tongue across th e North Atlant ic with a tendency for the isolines to be closer together on the northern fl ank than on the southern side. Figure 2 supports the not ion that on th e northern fla nk of the tongue, the salinity ch ange is most rapid over topographic features. Contouring much of th e same data on the <T 1 surface
Oo-2ooom O 2000 -4000 m Q4oo0-6000m O Gooo-sooo m LAND Figure 2 . The salinity anomaly rel ative to 35.01 %, on the potential density surface 27 .7 (from Needler and Heath, 1975) overlaid with Uchupi's ( 1971) topography of the North Atlantic. Dashed line denotes boundary of North African Basin after Wright and Worthington (1970). 32.274 Reid's (1979) salinity map shows many of the fe atures just described. A third piece of evidence for the rapid change in properties of the Mediterranean Water can be found in the volumetric cens us published by Wright and Worthington (1970) . In Figure 3 a portion of th e water mass census is reproduced for the North African Basin. Points in the TI S diagram containing 50, 75, and 90 percent of the water volume in this basin are coded in the figure. One observes that a low volumetric region or "hole" in th e diagram is present for temperatures and salinities between 7-9°C and 35.2-35.4%0-This represents a rapid change in properties of the Mediterranean Water discussed above . Although the warm salty core is shallower than the MAR over most of the North Atlantic, th e topography appears to be influ encing its properties. In the next section simpl e steady-state models will be discussed which illuminate mechanisms which can maintain permanent sub-surface fronts ( water mass transitions structure in the relative geostrophic currents and water masses in this central ocean region.
Simple frontogenesis models
The formation of a sub-surface front will be studied considering spatial variations of the: a) lateral mixing, and b) mean currents. In their 3-D advective-diffusive model for the Mediterranean tongue Needler and Heath found vertical mixing to be relatively unimportant in comparison with horizontal terms. Effects of vertical mixing will therefore be neglected for the moment but will be considered later since the two processes are coupled through intrusions within fronts . Within the context of a 2-D advective-diffusive model the governing equation for the longitudinal salinity gradient can be written
where 
In order to illustrate the two mechanisms for frontogenesis mentioned above, Jet i) the eddy diffusivity A, the salinity gradient s., and the horizontal velocity be independent of y, ii) the salinity gradient S, have a local maximum, and iii) the currents be steady. For the above example frontogenic processes will tend to increase the perturbation in S,. For these restrictions (1) becomes
Irrespective of the sign of S., the first term A • .S. will increase JS,J if A,.> 0. In other words, fronts will form where there is a local minimum in the diffusivity. Turner (1973) pointed out in this context that property gradients can be enhanced by variable stirring. The second term in (4) always (for A > 0) acts to reduce the magnitude of s. and need not be considered further. The last term in (4) represents the tendency for horizontal shear to increase concentration gradients. The following example illustrates how the horizontal shear term could be influenced by bottom topography to create a front over a submarine topography. The linear vorticity balance in a homogeneous, rotating fluid requires in the absence of external forces or dis sipation that flow lines will be along contours of constant (f/ H), where f is the Coriolis parameter and His the water depth. Recalling the above restrictions, i)-iii), let a steady uniform current (U.,0) approach a region of zonally varying depth H(x). Just upstream of a ridge flow will be equatorward with poleward currents on the downstream side. The linear solution is given by u = U0 = const.
(5) Substitution of (5) into ( 4) gives
In the northern hemisphere when an eastward current flows north of a tracer core (S, < 0) a front will form over a submarine ridge crest (where (In H),. > 0). The [39, 1 same obtains for a westward current flowing south of the core. This core is only crudely modeled by a linear change in S with latitude. An actual core has curvature which complicates this discussion by introducing another term (the last one on the right-hand side of (3)) to the balance.
From the above discussion it should be clear that both differential stirring with a local minimum over the ridge crest and horizontal current shear due to bottom topography are candidates for frontogenesis. Neither process is strongly supported in the literature by the existing data. Dantzler (1977) analyzed North Atlantic XBT data sorted into 2° bins of latitude and longitude and obtained the results shown in Figure 4 . The upper panel shows that the 15°C isotherm north of about 34N shoals over the ridge crest with an amplitude of about 50 meters. The modern hydrographic data have been summarized by Stommel, Niiler, and Anati (1978) . Though the horizontal resolution is poorer than for the XBT data, the dynamic height between 100 and 1500 decibars shows a doming of about 5 dynamic centimeters in this region over the MAR as with the XBT data. Reid's (1978) analysis of the geopotential anomaly between 1000 and 2000 decibars also suggests a southwest current on the western flank of MAR with an oppositely directed relative current on the eastern side. A CTD section taken normal to the MAR axis southwest of the Azores and presented later again shows this doming with an amplitude about four times greater than the smoothed XBT and hydrographic observations. All of these data lend support to the horizontal current shear mechanism, suggesting a southward deflection of fre sh water of western origin along the western side of the mid-Atlantic Ridge enhancing the water mass contrast at the ridge where mixing takes place with the saltier eastern basin Mediterranean Water.
The eddy variability in the North Atlantic at depths of 1000 meters is only beginning to be measured (Schmitz, 1978) . No direct measurements for the MAR area have been published but the variability of the 15° isotherm from Dantzler's work might be used to give an indication of eddy activity. The lower panel of Figure 4 shows that most of the variations in eddy potential energy are meridional with little resolvable difference across the MAR. Armi (1979) has argued that such large scale variations translate into important variations in eddy diffusivity. Until some rational scheme is suggested to infer diffu sivities at depth from such data, however, th e modeling of variable diffusivities must wait.
Observations from Knorr Cruise 66, Leg 2
Between 2 and 8 June, 1977, a total of 24 CTD stations were taken southwest of the Azores (Fig. 5) , nineteen of which comprise a section across the MAR. The remaining 5 CTD stations were near two neutrally buoyant vertical current meters (VCMs) which were deployed, tracked, and recovered during a one-day period. ' "l-,,.._
obseN•1ions
'\J I I . . . The CTD data were collected with Neil Brown underwater unit equipped with a Beckmann dissolved oxygen probe and a General Oceanics 24-bottle Rosette. Along the section and between CTD stations 39 and 40, TS XBTs were deployed at roughly 10 n.m. intervals. The deep XBT probes penetrated to 1500 meters through the Mediterranean Water, which was the principle water mass of interest in this study. (a) Water masses. Four CTD stations (21 , 30, 39, 40) from the spatial survey have been selected to display the water mass variability in the region. In Figure 6a ,b the potential temperature is plotted against salinity and oxygen . The 0/ S diagram shows considerable variation in the salinity content of the layer of seasonally warmed water. Against the large-scale trend for sea-surface salinity to increase southwards (c.f., Worthington, 1976) , station 21 has near-surface salinities comparable to station 40 which is over 400 km to the south while 30, which also lies south of 21, has the lowest salinity. [39, 1 characteristics. At depths below 3000 meters, the MAR represents a physical barrier to exchange between the basins except for isolated passages. The () / 0 2 diagram (Fig. 6b) shows near-surface maxima of dissolved oxygen at the base of the layer of constant salinity. If one selects temperatures of these maxima and identifies these as remnants of the renewed water from the previous winter, then the wintertime sea surface temperature maps (Bohnecke, 1936) can be used to indicate possible source regions. Stations 30 and 40 over the ridge have temperatures of 17.5 and 18.5 respectively, which correspond to locally found March sea surface temperatures from the monthly mean maps. Stations 21 and 39 have warmer temperatures than the local March means (16.5, 18 .5°C respectively) indicating a northeast advection. While the () / S curves within the permanent thermocline were rather tight, the ()/0, diagram shows considerable variability in this domain down to the level of the Mediterranean Water. This can probably be attributed to the influence of recently renewed water of more northwesterly origin upon the waters of the thermocline. The oxygen minimum layer at () ~ 9°C shows some oxygen variability but no coherent pattern over the region. This will be more apparent later in the 0 , section across the ridge. The deep water shows considerable change in oxygen with higher values on the western side of the MAR.
(b) CTD section. Stations 21-39 comprise a section across the axis of the MAR and will be presented as a hydrographic section with the observed pressure of a particular isoline of temperature (7a), salinity (7b), dissolved oxygen (7c), and potential density (7d) displayed together with the local bottom pressure. Due to propeller noise, no bottom echoes could be obtained while the ship was underway at normal speed (10 knots). The bottom returns plotted are those when the ship slowed for XBTs or stopped for a CTD station. Reference to Figure 5 should convince the reader that the topography is complicated in the region. A peak in the section could be entirely absent 10 n.m. normal to the plane of the bottom profile. For this reason the isolines have not been forced to be normal to the bottom as is often done with sections. Concluding the presentation of the CTD section, a calculation of geostrophic velocities relative to the deepest common level and 1500 dbars has been made and plotted as Figures 7e,f. Above the figures are shown the CTD station numbers with tic marks denoting XBT positions and bathymetric readings. The distance between these tic marks is nominally 10 n.m. Figure 7a shows the doming of the temperature isolines in the upper 1000 meters over the MAR which was anticipated from the mean XBT pattern (Fig. 4) . In particular the 15 °C isotherm rises 200 decibars between stations 24 and 30 and thereafter drops 300 decibars (dbars). Little relief is evident in the temperature field below 2000 dbars although this will be apparent in the density isolines. The doming of the Central Water over the axis of the ridge brings fresher thermocline water nearer the surface over the ridge axis than to either side. This could locally influence the depth and salinity of the convectively formed winter water, would explain the low near surface salinities of the stations (e.g., 30, 40) over the ridge axis, and is consistent with oxygen data which suggests in the 0/0, diagram a local origin for this water. Below 1500 dbar a gradual downward slope to the salinity isolines from left to right is observed as the deep water becomes gradually saltier at a given pressure toward the southeast. The Mediterranean Water level is centered at 1000 dbar and is marked by numerous inversions and blobs in the salinity section; no attempt has been made to join these together. Although a change in the salinity of the core is observed over the ridge crest, the principle change occurs between stations 21 and 22 at the extreme NW end. This change will be discussed in detail later. The oxygen minimum layer continues in somewhat broken fashion across the section with no major trend. The deep water to the northwest is higher in dissolved oxygen as is the water of the thermocline. The 5 ml/I isoline rises up nearly 300 dbars between stations 22 and 30 at the ridge crest. Thermocline waters have higher oxygen, in general, on the western flank of the ridge axis than on the eastern side. There is considerable vertical structure to the oxygen profiles in the thermocline and it appears to be a particularly interesting tracer at these depths much like the salinity in the deeper Mediterranean Water layer. The predominant feature of the density section (Fig. 7d) is a doming of the isopycnals over According to Worthington's (1976) deep circulation scheme, a southward flow of water with temperatures between 2°C and 4°C is required west of the MAR at a latitude of 38N, near the NW end of the CTD section. If deep velocities are to be anticipated then a choice of a bottom reference surface is inappropriate. In 7f a 1500 dbar reference surface is used which allows for weak southeast flow between stations 21 and 23 but also shows a stronger component in the opposite direction centered between stations 24 and 25. In order to minimize the number of flow reversals on the western side of the MAR, the reference surface must be allowed to slope. The nearest deep current observations on the western flank of the MAR are at 27N (Fu and Wunsch, 1979 , POL YMODE News #60) far south of this section and the latitude where Worthington indicates a strong, deep flow.
The water masses and geostrophic velocities in the eastern basin are considerably less complicated in the CTD section: the general trend suggests a northeasterly flow component at most depths. This was in fact anticipated in some of the earlier hydrographic data summaries already discussed. The nearest moored current observations in the eastern basin come from a 15-day time series at 29N, 29W near Meteor Seamount by Horn, Hussels, and Meinke (1971) in which the 15-day mean current at 1200 meters was 2 cm sec-• northwards. The series is rather short, however, and the flow likely to be influenced by the proximity to the seamount. A hydrographic section across the eastern basin north of the Azores by Swallow, Gould, and Saunders (1977) shows significant northward flow only near the continental boundary. There is only a weak suggestion for the doming of the therrnocline over the ridge axis (P. Saunders, personal commun.).
(c) XBT sections. Before, during, and after the CTD section above, XBTs were taken; these results will now be discussed. Reference to Figure 5 , the plan view of the stations, shows west of CTD 21 an X which denotes the origin of an XBT section which runs from northwest to southeast crossing the ridge axis near CTD 30 and continuing to CTD 39 where the section turns back westward proceeding to CTD 40. A combination of either temperature or fall rate errors in the XBTs prevents a merger of the CTD and XBT measurements. A preliminary report of the XBTwork by Volkmann (1977, POLYMODE News #33, Fig. 6) shows that XBT isotherm depths are consistently deeper than those from neighboring CTDs. At depths below 1000 meters the difference between the TS (1500) XBT and CTD depths (not pressures) sometimes reached 80 meters which was felt to be too excessive to show in a single section.
In Figure 8 the XBT section shows a doming of the isotherms over the MAR axis as in Figure 7a . In the westward section from CTD 39 to CTD 40 the deeper isotherms again rise up over the ridge but those warmer than 12 °C do not show this trend as clearly as the deeper ones. The thickness of waters having temperatures between 8 and 10°C has been shaded in Figure 8 . According to the volumetric study of Wright and Worthington excerpted and shown in Figure 3 , the transition from eastern to western basin Mediterranean water characteristics should be seen as a compression of these isotherms. The 10°C isotherm denotes the base of the central water mass TIS (Fig. 3) . Below this the branch of the volumetric TIS diagram denoting eastern basin Mediterranean Water shows more water in the 8-10°C range with the appropriate salinity than with the same temperature range for western basin Mediterranean Water. This local application of the volumetric census is supported in Figure 7 a which show a reduction of the thickness of this layer at the northwest end of the section, coincident with a shift in the T IS properties of the Mediterranean Water core (Fig. 6a) . The XBT sections show this transition zone to be 100-150 km wide. It is located west of the ridge at the NW end of the section near CTD stations 21, 22, and over the axis of the ridge at CTDs 40 and 43. It is clear that the synoptic orientation of the front is not parallel to the axis of the MAR but cuts across it south of 35N. ment of water relative to the float. A further description of the VCM is given by Voorhis and Dean in Joyce et al. (1976) . The time series (Fig. 9) shows the deeper float to have settled out at a pressure of 810 dbars with a temperature of about 8°C.
Since it appeared that this float was located in a cold fresh intrusion in the Mediterranean Water core, three CTD stations were made near the float spanning a time period of 15 hours. The fir st station, CTD 41 , taken soon after the float settled at depth, consisted of a five-cycle yo-yo between 100 and 2000 dbars as both floats drifted away relative to the ship. Because the clocks in the float s were synchronized with the ship's tracking unit, and since each float telemetered its pressure data every 7.5 minutes, it was possible to monitor the horizontal range to the floats during the CTD yo-yo. Three of the down traces from CTD 41 are reproduced in a 0/ S diagram ( Fig.  10 ) and reference to Figure 9 will show the deeper float to be located in the upper portion of the cold, fresh intrusion near 8.0°C, 35 .20%0. At the bottom of the first cast the horizontal range between the ship and the float was 2093 meters. At the bottom of each of the successive casts the range increased to 30 I 9, 3976, 4848, and 5815 meters giving about 930 meters range increase between cycles. With the exception of the S-shaped structure between potential temperatures of 8.5 and 9.0°C, the repeated casts show no major change in the intrusions in a distance change of 4 km. The cold, fresh layer at 8.0°C in which the float was located had a vertical thickness of 50-60 meters and appears to be spatially uniform in contrast to Sshaped anomaly above it, whose cold, fresh and then warm, salty branches each had thicknesses of 30-40 meters. Between the first and fifth cas ts this anomaly appears to move upwards in the 0/S diagram crossin g over density surfaces. If one plots potential temperature against potential density, both relative to 800 dbar not the free surface, one observes this anomaly as a layer in which lateral temperature gradients of 0.1 °C km-1 are observed along a density surface.
Two other CTD stations were made over the deeper float, five and fifteen hours after the beginning of CTD 41 , in order to examine temporal changes in the intrusions. These are plotted together with the first cast of CTD 41 in the 0/ S diagram of Figure 11 . Little change is observed in the cold, fresh intrusion in which the float [39, 1 was located. Above this the S-shaped structure is observed to change in a manner inconsistent with any one-dimensional mixing models: the cold, fresh branch of this structure is observed to become colder though vertically bounded by warmer waters. The temporal changes are likely to be the result of differential advection of water which has considerable variations in 8/S along density surfaces. From the gradients estimated above, the temporal changes could be due to current differences of a few centimeters per second over a vertical distance of 50-75 meters. Whether these shears are due to internal gravity waves or due to dynamically active intrusions is impossible to say from the present data. One can say that extreme caution should be exercised in interpreting temporal changes in intrusion characteristics and that vertical mixing models in the absence of horizontal advection cannot hope to explain changes in vertical profiles of intrusions.
Between deployment and recovery, the float at 325 (810) decibars drifted a distance of 8.9 (6.6) nautical miles to the southeast over a time of 25 (22) hours giving a mean drift speed of 16 (12) cm sec-1 • This shear is comparable to that calculated geostrophically from the CTD data and presented in Figures 7e,f. 10.00 ,-,-,,--,---,-,--,--y---,-,---,--r-~~-- 
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A front-like change in the temperature and salinity of the Mediterranean Water core can be induced by variable mixing or horizontal shear in the current field near the mid-Atlantic Ridge. Not enough is known about mixing processes to model their effect, but the horizontal structure of the baroclinic current field southwest of the Azores as found in 1977 on Knorr 66 supports the latter mechanism. The geostrophic currents relative to the bottom are 5-10 cm sec-1 at depths of the Mediterranean Water and 10-20 cm sec-1 in the thermocline. The main thermocline over the ridge axis is elevated 200 meters compared to its depth 200 km to either side along a section normal to the ridge axis. The distribution of water masses and relative currents at mid-depths is consistent with an eastward flowing current system, part of which deflects to the south near the mid-Atlantic Ridge (MAR) south-west of the Azores, followed by northeasterly excursion on the eastern flank of the ridge. The advection of fresher, more oxygenated waters from the west could, in the presence of lateral mixing by intrusions maintain a permanent mid-depth front in salinity and oxygen.
The front-like transition in the Mediterranean Water was found to occur over a horizontal di stance of 100-150 km with a salinity change of 0.15%0 along all potential density surfaces between 27.4 and 27.7. No attempt was made to discriminate between " upper" and "lower" source waters in the Mediterranean core as in Zenk (1975) since the transition itself was marked by numerous inversions of temperature and salinity. The CTD stations bracketing the front showed two branches in 0/S space which corresponded exactly to results of Katz north of the Azores, and the hole in the volumetric T I S diagram of Wright and Worthington. Deep (T5) XBTs and CTDs showed this transition to be 300 km northwest of the MAR at 38N and over the MAR axis at 35N. The front can be located using the rapid decrease in thickness J>etween the 8 and 10°C isotherms going from eastern to western basin water.
The baroclinic transport relative to the bottom changed sign over the ridge axis from approximately 30 Sverdrups to the southwest on the western flank to 30 Sverdrups to the northeast on the eastern flank. It is unlikely that this current field plays a significant role in the oceanic transport of heat since the temperature field on either side of the ridge is nearly the same: the mean temperature difference between the two flanks is 0.3°C. Hall and Bryden (1980) using Bunker's (1976) data estimate that at 35N the ocean needs to transport between 0.5 and I x 10" Watts poleward to balance oceanic heat losses north of this latitude. This is an order of magnitude larger than what might be provided by the relative currents over the ridge axis.
Most of our hydrographic knowledge about the central North Atlantic between 20N and 40N has come from east-west sections spaced at 4° intervals of latitude. If the hydrographic regime southwest of the Azores in June of 1977 is a permanent feature of the general circulation rather than a transient eddy, then it is not adequately resolved in the historical data. Neither can the section across the ridge axis taken in Knorr 66 resolve the question of time dependence. McCartney, Worthington, and Raymer (1980) note that 1977 seems to have been an anomalous year for the water masses along 55W on either side of the Gulf Stream. A spatially meandering or temporally changing current system might also be anticipated SW of the Azores in view of Dantzler's analysis of XBT data. Clearly more data, including direct measurements of horizontal currents, are necessary to define the structure of the circulation and water masses in this part of the ocean.
